Abstract
Introduction
In this era of genome wide association studies (GWAS), there is a need to identify the causal pathways of significant single nucleotide polymorphisms (SNP) on disease phenotypes. We showed that the scavenger receptor class B type I gene (SCARB1) intronic rs10846744 SNP was significantly associated with subclinical atherosclerosis (SCA) as measured by common carotid intima-media thickness (cIMT) in participants from the Multi-Ethnic Study of Atherosclerosis (MESA) [1] . In the full MESA cohort and in replication studies, we showed that rs10846744 was significantly associated with SCA and cardiovascular disease (CVD) events [2] . The association of rs10846744 with SCA and CVD events remained significant after multivariable regression analysis that included total, LDL and HDL cholesterol and particle sizes, age, sex, race, body mass index (BMI), hypertension, smoking, diabetes mellitus, renal disease, and lipid lowering medications. Thus, we hypothesized that factors other than lipids and other traditional cardiovascular risk factors might mediate the relationship between SCARB1 SNP rs10846744 and risk of atherosclerotic disease.
Suchindran et al. [3] had performed a GWAS of lipoprotein-associated phospholipase A 2 (Lp-PLA 2 ) mass and activity in participants from the Framingham Heart Study, and identified rs10846744 as being positively associated with Lp-PLA 2 mass and activity. Grallert et al. [4] reported that rs10846744 was positively associated with Lp-PLA 2 activity but not Lp-PLA 2 Lp-PLA 2 Letter HC-95164, N01-HC-95165, N01-HC-95166, N01-HC-95167, N01-HC-95168, N01-HC-95169, UL1-TR-001079, UL1-TR-000040 , and DK063491. MESA Family is conducted and supported by the National Heart, Lung, and Blood Institute (NHLBI) in collaboration with MESA investigators. Support is provided by grants and contracts R01HL071051, R01HL071205, R01HL071250, R01HL071251, R01HL071258, R01HL071259, by the National Center for Research Resources, Grant UL1RR033176, and the National Center for Advancing Translational Sciences, Grant UL1TR000124. Although the research described in this manuscript has been funded in part by the United States Environmental Protection Agency through RD831697 to the University of Washington, it has not been subjected to the Agency's required peer and policy review and therefore does not necessarily reflect the views of the Agency and no official endorsement should be inferred. Funding support for the MESA Lp-PLA2 dataset was provided by Diadexus/ GlaxoSmithKline. The SOLID-TIMI 52 trial was funded by GlaxoSmithKline. LL was employed by PAREXEL International, DW was employed by GlaxoSmithKline, but neither of these funding sources had a role in this specific study design, data collection and analysis, decision to publish, or preparation of the manuscript. For this specific study, AR, AM, X-QW and SSR received salary support funded by the NIH grant HL131862 and HL07564. AR received additional salary support from the Linda and David Roth Chair of Cardiovascular Research. The NIH funding source had no role in the study design, data collection and analysis, decision to publish, or preparation of this manuscript. The specific roles of each authors are articulated in the 'author contributions' section.
mass in an expanded GWAS from the CHARGE consortium.
In agreement to what we observed, Kleber et al. [5] showed that Lp-PLA 2 mass predicted total and cardiovascular mortality independently of known CV risk factors. These results led us to the refined hypothesis that an inflammatory and/or fatty-acid related pathway might be causal in the association of rs10846744 with atherosclerotic disease. In this study we sought to (i) validate the association of rs10846744 with SCA and CV events from consortium-based GWAS, (ii) examine associations of rs10846744 with Lp-PLA 2 mass and activity, inflammatory markers and fatty acids in MESA, and (iii) perform formal mediation analyses to quantify the role of selected covariates as mediators of the association of rs10846744 with cIMT in MESA. We expanded our analyses to examine the association between rs10846744 and Lp-PLA 2 activity and CV events from the STABILITY and SOLID--TIMI 52 trials, in addition to the interaction with the Lp-PLA 2 inhibitor darapladib [6, 7] .
Methods
We present an overview of our approach in 
SCA and CAD from GWAS cohorts
We examined the association of rs10846744 with SCA in a GWAS of cIMT, internal carotid IMT [iIMT] and plaque in cohorts of European ancestry from the CHARGE consortium [8] .
We examined the association of rs10846744 with coronary heart disease (CHD) in results from the GWAS of African-American cohorts in CARe [9] and with coronary artery disease (CAD) in cohorts of various ancestries from the CARDIoGRAMplusC4D consortium [10] . CHARGE: GWAS analyses on IMT were performed by meta-analysis of~31,000 individuals from nine participating studies within Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) [11] . CARe: African-American participants for the GWAS were drawn from five population-based studies: Atherosclerosis Risk in Communities, Coronary Artery Risk Development in young Adults, Cleveland Family Study, Jackson Heart Study, and MESA [9] . Genetic analysis of CHD in CARe included 881 cases and 6682 controls CARDIoGRAMplusC4D: The Coronary ARtery DIsease Genome-wide Replication And Meta-Analysis (CARDIoGRAM) plus The Coronary Artery Disease (C4D) Genetics) consortium combined data from GWAS on >60,000 CAD cases and >123,000 controls representing primarily European ancestry (77% of participants), with other race/ethnic groups represented [10] .
MESA study design
MESA is a longitudinal study of SCA and risk factors that predict progression to clinically overt CVD or progression of the subclinical disease [12] . The first clinic visits occurred in 2000-2002 in 6,814 participants recruited from six field centers across the United States, and all participants were free of CVD at the baseline exam. Approximately 38% of the recruited participants were Caucasian, 28% African-American, 22% Hispanic, and 12% Asian, predominantly of Chinese descent, with race/ethnicity classified based on participant self-report ( Table 1) . One ancillary study (MESA Family Study, MESAFS) recruited family members of African-American and Hispanic participants, specifically for genetic studies. Another ancillary study (MESA Air) evaluated the effects of air pollution on atherosclerosis risk [13] .
Phenotyping of MESA participants SCA and CV. The measures of SCA included ultrasound measurements of cIMT and iIMT [14] . Cardiovascular events were adjudicated by a MESA committee [15] . CV events included incident myocardial infarction (MI), definite angina, probable angina (if followed by coronary artery bypass grafting and percutaneous coronary intervention), resuscitated cardiac arrest, stroke, stroke death, coronary heart disease death, or other CV death. We examined probable or confirmed CV events described as CV-All, confirmed CV events described as CV-Hard, incident MI, and all-cause mortality.
Lp-PLA 2 mass and activity. Lp-PLA 2 mass and activity were measured by diaDexus Inc. (South San Francisco, CA, USA) [16] .
Inflammatory markers. Six inflammatory markers were selected for the association studies: interleukin-6 (IL-6), high-sensitivity C-reactive protein (hsCRP), plasminogen activator inhibitor-1 (PAI-1), soluble intercellular adhesion molecule-1 (sICAM-1), E-selectin, and homocysteine. Blood samples were collected at baseline and stored at -80˚C until analysis. Interleukin-6, hsCRP, and PAI-1 levels were measured at the Laboratory for Clinical Biochemistry Research (University of Vermont, Burlington, VT) while homocysteine was measured at the University of Minnesota. The samples were processed using a standardized protocol from the Cardiovascular Health Study (CHS) [17] . Plasma IL-6, sICAM-1, and E-selectin were measured using quantitative enzyme-linked immunosorbent assays (Quantikine HS Human IL-6 Immunoassay, Parameter Human sICAM-1 Immunoassay, Parameter Human sE-Selectin Immunoassay, respectively; R&D Systems, Minneapolis, MN). PAI-1 levels were measured by ELISA (Diagnostica Stago, Inc., Parsippany, NJ). Plasma homocysteine levels were measured using a fluorescence polarization immunoassay (IMx homocysteine assay, Axis Biochemicals ASA, Oslo, Norway) with the IMx analyzer (Abbott Diagnostics, Abbott Park, IL). Fatty acids: Phospholipid fatty acids were extracted from EDTA plasma [18, 19] . Lipids were extracted from the plasma using a chloroform/methanol extraction method, and the cholesterol esters, triglyceride, phospholipids and free fatty acid fractions were separated by thin layer chromatography. Fatty acids from the phospholipid fractions were derivatized to methyl esters and then injected on a gas chromatograph equipped with a 100m capillary column, and detected by flame ionization. The fatty acids detected were expressed as a percent of total fatty acids. Fatty acids: n = 2394 n = 1533 n = 1378 n = 751 Genotyping. All MESA participants were genotyped on the Affymetrix 6.0 array which included the rs10846744 SNP. Details are provided in S1 File.
Statistical analysis in MESA
We examined the association of rs10846744 with Lp-PLA 2 mass and activity, hsCRP, homocysteine, IL-6, E-selectin, PAI-1, sICAM-1, LDL particle number, n-3 fatty acids (α-linolenic acid [ Table 2 ). We performed linear regression of quantitative phenotypes or logistic regression of dichotomous phenotypes in R [20] . Fixed effect meta-analysis was performed to combine estimated effects and standard errors from stratified analyses, as implemented in METAL [21] . We further implemented trans-ethnic meta-analysis using MANTRA [22] . We also report Heterogeneity I-squared and Heterogeneity P-values from Cochran's Q test as implemented in METAL [21] .
For potential mediators demonstrating a statistically significant main association with rs10846744 in meta-analysis across race/ethnic groups (based on fixed effects meta-analysis pvalue reaching the Bonferroni threshold of α Ã 0.05/27 traits 0.0019, or a trans-ethnic metaanalysis log10 Bayes factor of association > 1.5), we proceeded to perform mediation analysis by performing formal comparisons of regression models with and without the mediators of interest. Details are provided in S1 File.
STABILITY and SOLID-TIMI 52 studies
We examined the association of rs10846744 with Lp-PLA 2 activity, cardiovascular outcomes, and interaction with the Lp-PLA 2 inhibitor, darapladib, in the Stabilization of Atherosclerotic Plaque by Initiation of Darapladib Therapy (STABILITY) and Stabilization of Plaque using Darapladib-Thrombolysis in Myocardial Infarction 52 (SOLID-TIMI 52) studies.
STABILITY was a multinational double-blind trial that randomly assigned 15,828 subjects with stable CHD to either once-daily darapladib or placebo therapy for a median follow-up period of 3.7 years [6] . The primary endpoint for STABILITY was time to CV death, MI or stroke. In STABILITY, multivariable regression models included adjustment for age, sex, region, BMI, hyperlipidemia, statin use, baseline LDL, baseline HDL, eGFR, smoking, diabetes, prior MI, principal components (PCs) of ancestry and randomized treatment arm.
The SOLID-TIMI 52 was a multinational, double-blind trial that enrolled 13,026 participants who had been hospitalized with an acute coronary syndrome in the past 30 days and randomized them to once daily darapladib or placebo for a median follow-up of 2.5 years [7] . The primary endpoint was CHD death, MI or urgent coronary revascularization. In SOLID-TIMI 52, multivariable regression models included adjustment for age, sex, region, BMI, hyperlipidemia, statin use, baseline LDL, baseline HDL, eGFR, smoking, diabetes, prior MI, index diagnosis (STEMI vs not), days from qualifying event, PCs of ancestry and randomized treatment arm.
Both STABILITY and SOLID-TIMI 52 included participants of Caucasian, African-American, Asian and other race/ethnicities, as determined by participant self-report. In STABILITY and SOLID-TIMI 52, meta-analysis used random effects models across all race/ethnic groups. Genotype data were generated on the HumanOmniExpressExome-8 v1 array for STABILITY and the Axiom Biobank Plus Genotyping Array with custom content array for SOLID. Genotype imputation was performed using the 1000 Genomes Project phase I reference panel for both studies using MACH/minimac. SCARB1 rs10846744 was directly genotyped in SOLID--TIMI 52 and well imputed in STABILITY (imputation R 2 = 0.95).
Human subjects approval
All of the studies for which we conducted data analyses in this manuscript, including MESA, STABILITY, SOLID-TIMI 52, as well as those included in the consortium-based GWAS studies from CHARGE, CARe and CARDIoGRAMplusC4D were approved by their respective institutional review boards and with written informed consent from the study participants. In particular, our work on analysis of primary data from MESA was approved by the University of Virginia Institutional Review Board for Health Sciences Research.
Results

Association of rs10846744 with SCA and CHD in GWAS
In CARDIoGRAMplusC4D [10] , rs10846744 effect allele C (vs. reference allele G). was significantly association with CAD (n cases = 60,801, n controls = 123,504; odds ratio 1.05; 95% CI [1.02, 1.07]; P = 1.4x10 -4 ). In the CHARGE GWAS of SCA in Caucasians [8] , there was no association between rs10846744 and cIMT (n = 23,442, P = 0.90), iIMT (n = 6,046, P = 0.28) or carotid plaque (n = 17,222, P = 0.99). In the CARe GWAS of CHD in African-Americans [9] , there was no significant association of rs10846744 with CHD (n cases = 881, n controls = 6682, P = 0.53). We did not observe a significant association of rs10846744 with cIMT in CHARGE nor with CHD events in CARe.
MESA demographics
The MESA and MESA Family participants included 2,470 Caucasian, 2,507 African-American, and 2,071 Hispanic and 758 Chinese-American individuals, roughly evenly distributed between males and females ( Table 1) . Clinical events were assessed after a median 12.1 years of follow-up. The prevalence of probable or confirmed CV events (CVD-All) was 12.7%, 11.0%, 12.1%, and 8.4% in Caucasians, African-Americans, Hispanics and Chinese-Americans, respectively, while the prevalence of confirmed CVD events was 8.5%, 8.2%, 9.5% and 5.1%, respectively ( Table 1) . Consistent with our previous report [23] , we observed consistent directions of effect across race/ethnic groups for the association of cIMT with rs10846744, with little evidence of heterogeneity across groups (S1 Table, Heterogeneity I-squared = 0.0, Heterogeneity P-value = 0.68). In contrast, the association of rs10846744 with cardiovascular events showed considerable heterogeneity across groups (S1 Table, CVD-confirmed Heterogeneity I-squared = 81.6, Heterogeneity P-value = 0.001).
Association of rs10846744 with Lp-PLA 2 mass and activity Lp ) (Fig 2A and 2B) . Lp-PLA 2 mass and activity were positively correlated in Caucasians (r = 0.92), Hispanics (r = 0.98) and Chinese-Americans (r = 0.44), but inversely correlated in African-Americans (r = -0.40).
We examined the association of rs10846744 with Lp-PLA 2 mass and activity in MESA participants. Meta-analysis across race/ethnic groups revealed a significant association of rs10846744 with Lp-PLA 2 activity (P = 0.001), Lp-PLA 2 mass (P = 0.04), ( Table 2) .
Association of rs10846744 with inflammatory biomarkers in MESA
We selected the inflammatory biomarkers and fatty acids based on their availability in the MESA database as well as their well-characterized roles in CVD. Meta-analysis across race/ethnic groups revealed association between rs10846744 and DPA/EPA ratio in trans-ethnic metaanalysis with a log10 Bayes factor = 1.52. No additional parameters under investigation demonstrated statistically significant association in fixed effects meta-analysis based on our Bonferroni threshold of α Ã 0.05/27 traits 0.0019, nor in trans-ethnic meta-analysis based on our threshold of log10 Bayes factor < 1.5. We observed nominal associations between rs10846744 2-177.6] , N = 645. Kruskal-Wallis rank sum test indicated that there were significant overall differences in either Lp-PLA 2 mass or activity across race/ethnic groups (P = 1.2×10
−88 and P = 3.1×10 −49 respectively). Wilcoxon rank sum test indicated that in Caucasians and Hispanics Lp-PLA 2 mass was significantly higher than in African-Americans and Chinese-Americans (Bonferroni corrected P = 4.9×10
−67 and P = 1.4×10 −46
, respectively), while for Lp-PLA 2 activity, Caucasians, Hispanics, and Chinese-Americans had significantly higher levels than African-Americans (Bonferroni corrected P = 1.2×10 and homocysteine (P = 0.03), LDL particle number (P = 0.01), DHA (P = 0.01), DPA (P = 0.04), and DHA/EPA (P = 0.008) ( Table 2 ).
Mediation analysis of inflammatory and/or fatty acids in the association of rs10846744 with cIMT and incident CVD in MESA
Based on the results of main effect association (Table 2) , Lp-PLA 2 activity and DHA/EPA ratio were carried forward for mediation analysis. Using the bias-corrected bootstrap method, a meta-analysis resulted in Lp-PLA 2 activity, but not DHA/EPA, as a mediator in the association of rs10846744 with cIMT (P = 0.00008) in a model adjusted for age, sex, study site, and PCs of ancestry ( Table 3) . In a fully adjusted model, Lp-PLA 2 activity was no longer a significant mediator ( Table 3) .
Association of rs10846744 with CV events in STABILITY and SOLID-TIMI 52
We examined whether the Lp-PLA 2 inhibitor darapladib would modify the association of rs10846744 with CVD events in the STABILITY and SOLID-TIMI 52 studies ( Table 4) . In STABILITY, meta-analysis showed an association of rs10846744 with baseline Lp-PLA 2 activity (P = 7.2x10 -11 ). When all subjects were pooled (n = 13,522), we observed an association of the rs10846744 SNP with major cardiovascular events (MCE: composite of coronary heart disease death, MI, or urgent coronary revascularization for myocardial ischemia) (P = 0.04). We did not observe a significant association of rs10846744 with major adverse cardiovascular events (MACE) that was defined as CV death, MI, or stroke. We did not observe an interaction effect between Lp-PLA 2 activity or darapladib assignment and rs10846744 on CVD outcomes. In SOLID-TIMI 52, we did observe significant associations of rs10846744 with baseline Lp-PLA 2 activity (all subjects pooled P = 1.18x10 -4 , meta-analysis P = 5.68x10 -2 ). We did not observe significant associations between rs10846744 and CV outcomes (MCE or MACE), and neither were there any interactions between rs10846744 and Lp-PLA 2 activity or darapladib assignment.
Discussion
Our previous findings of a significant association of rs10846744 with CVD events in MESA were consistent with findings in CARDIoGRAMplusC4D and STABILITY. Nonetheless, we did not observe a significant association of rs10846744 with cIMT in CHARGE or CARe. These discrepancies do not argue against the influence of this enhancer region on CV phenotypes but for the urgent need to thoroughly evaluate the effect of linkage disequilibrium structure and gene-environment influences on CVD outcomes across different race/ethnic groups.
The rationale for examining the association of Lp-PLA 2 mass and activity in the association of rs10846744 with SCA and incident CVD was based on the fact that in MESA traditional risk factors, including cholesterol levels, did not attenuate this significant association. In MESA participants, meta-analysis revealed a large positive effect size and significant association of Lp-PLA 2 mass and activity with rs10846744. Based on race/ethnic stratification, we found that the large effect size and significance between rs10846744 and Lp-PLA 2 mass and activity was observed in Hispanics. In Chinese-Americans we observed significance in the association of rs10846744 with Lp-PLA 2 activity, while in Caucasians we observed borderline significance with Lp-PLA 2 mass. Katan et al. [24] also examined race/ethnic differences in the association of Lp-PLA 2 mass and activity with stroke in participants of the Northern Manhattan Stroke Study (NOMAS), with the majority of participants classified as Hispanics and female. They observed significant association of Lp-PLA 2 mass with large artery atherosclerotic stroke in non-Hispanic Whites but not in African-Americans or Hispanics; these investigators did not stratify results based on the rs10846744 SNP, which might offer an explanation for the differences in our study results. PhospholipaseA 2 is a phospholipase that can be secreted into the circulation (secretory Lp-PLA 2 ) or becomes lipoprotein associated (Lp-PLA 2 ), with the latter mostly bound to LDL [25] . It was not too surprising that we identified a strong main effect of LDL particle numbers in the association with rs10846744, and this significant association was only observed in Hispanics. We did not observe significant main effects of HDL or its subfractions. Interestingly, of the other parameters we examined, fatty acids were found to have significant main effects in association with rs10846744, although beta effects were small and at times in opposing directions.
Mediation analysis was performed to determine if Lp-PLA 2 activity was a causal factor in the association of rs10846744 with SCA. With the use of the bias-corrected bootstrap statistical analysis, and a meta-analysis using a model adjusting for age, sex, study site, and PCs of ancestry, we found that Lp-PLA 2 activity was a significant mediator; however, in a fully adjusted model, Lp-PLA 2 activity was not a significant mediator. This result suggests that one or a combination of the covariates in the fully adjusted model influences the mediation effect of Lp-PLA 2 activity in the association of rs10846744 with SCA. Interestingly, Holmes et al. has addressed a research hypothesis similar to ours using Mendelian randomization studies to examine the role of secretory PLA2 (sPLA2) isoenzymes in CHD [26, 27] and has not identified evidence for a causal role of these sPLA2 isoenzymes in CHD.
There has been a longstanding interest in the role of Lp-PLA 2 mass and/or activity as a causal factor in atherosclerosis based on its biological role in lipid oxidation and epidemiological studies showing significant associations of Lp-PLA 2 mass and/or activity with CAD [28] [29] [30] . However, recent clinical trials with darapladib failed to show benefit on secondary prevention of major coronary events [6, 7] . In both STABILITY and SOLID, when stratified by the rs10846744 genotype, we observed significant association of this SNP with Lp-PLA 2 activity (Lp-PLA 2 mass was not ascertained in STABILTY or SOLID-TIMI 52). In STABILITY, we observed a significant association of rs10846744 in survival analyses for MCE, but this association was not modified by darapladib. That we observed an association of rs10846744 with major cardiovascular events in STABILITY but not in SOLID-TIMI 52 might be due to the higher prevalence of MI at baseline in STABILITY subjects as compared with SOLID-TIMI 52 participants. In addition, SOLID-TIMI 52 was a study of subjects with acute MI and the samples used for Lp-PLA 2 activity were obtained, on average, at 14 days of hospitalization for the MI event. These factors might also explain the differences in the association of rs10846744 with major coronary events between STABILITY and SOLID-TIMI 52. In summary, we provide strong evidence for the association of rs10846744, which resides within an enhancer region, with Lp-PLA 2 activity and evidence from a number of large genetic studies for association with CVD events. It has been shown that traditional CV risk factors do not explain the association of rs10846744 and Lp-PLA 2 with CV events. Mediation analysis revealed that Lp-PLA 2 activity was a significant mediator in the association of rs10846744 with cIMT but only in a basic adjusted model. The fully adjusted model suggests that other factor(s) remain to be identified in this inflammatory pathway. In agreement with Polfus et al. [31] , it Table 4 . Association of rs10846744 with CV events in STABILITY and SOLID-TIMI 52 studies. In STABILITY, multivariable regression models included adjustment for age, sex, region, BMI, hyperlipidemia, statin use, baseline LDL, baseline HDL, eGFR, smoking, diabetes, prior MI, principal components (PCs) of ancestry and randomized treatment arm. In SOLID-TIMI 52, multivariable regression models included adjustment for age, sex, region, BMI, hyperlipidemia, statin use, baseline LDL, baseline HDL, eGFR, smoking, diabetes, prior MI, index diagnosis (STEMI vs not), days from qualifying event, PCs of ancestry and randomized treatment arm. Genetic associations are shown for rs10846744 effect allele C (vs. reference allele G). 
STABILITY
